Introduction
Carbon dioxide (CO 2 ) is the end product of combustion of organic matter and its increasing concentration in the atmosphere is causing great concerns due to its negative effects on the environment. On the other hand, it can represent a cheap, readily available and abundant carbon feedstock, and its utilisation for the production of value-added chemicals and fuels is a hot topic of research today.
1 Among the possible target reactions, the catalytic hydrogenation of CO 2 to formic acid (FA) and its derivatives is a subject of increasing interest, as FA is a widely employed commodity chemical and can be used as a hydrogen storage material.
2
In recent years, a number of efficient homogeneous catalysts for the hydrogenation of CO 2 to FA under mild reaction conditions have been developed, most of them based on expensive and rare noble metals such as iridium and ruthenium.
3 The replacement of the scarce and expensive noble metals with cheaper, earth abundant, and less toxic rst-row transition metals would enhance the sustainability and industrial applicability of these hydrogenation reactions. Recently, iron-and cobalt-based homogeneous catalysts have been reported for this reaction (Scheme 1), 4 and in some cases show a catalytic activity comparable to that observed for some noble metal catalysts. Beller and co-workers described Fe(II)-and Co(II)-PP 3 catalysts (PP 3 ¼ tripodal tetraphosphines) that could reach signicantly high turnover numbers (TONs) for CO 2 hydrogenation to FA and derivatives.
4g,i,j Milstein reported that the PNP pincer complex trans-[Fe(PNP-tBu)(H) 2 (CO)] promotes the reaction already at a low pressure with TONs up to 788.
4h In 2015, Hazari, Bernskoetter and co-workers described the catalytic activity of a library of Fe(PNP) pincer complexes exhibiting very high activities which could be even further enhanced using Lewis acid co-catalysts achieving TONs up to ca. 59 000. This sets the current state-of-the-art in CO 2 hydrogenation to FA with a non-precious, earth-abundant metal catalyst.
4b More recently, the benecial effect of Lewis acid co-catalysts was demonstrated also for related cobalt pincer complexes. 7a In addition, X-ray quality crystals of Mn2 were grown from toluene/pentane and the corresponding solid state structure was obtained ( Fig. 1 and ESI †) . The structural data are comparable with those obtained for Mn1, 7a with slightly shorter bond distances for Mn1-C20 (1.700 vs. 1.747Å) and longer distances for Mn1-C21 (1.784 vs. 1.775Å) and Mn1-H1 (1.80 vs. 1.46Å).
Catalytic CO 2 hydrogenation
The catalytic activity of the Mn(I) pincer complexes Mn1 and Mn2 was initially tested in a THF/H 2 O (10 : 1) solvent mixture in the presence of DBU (DBU ¼ 1, (Mn1/DBU ¼ 1 : 50 000) afforded FA in a lower yield (16%) but with a signicantly increased TON (9100, entry 11), indicating that the catalyst activity strongly depends on the catalyst/DBU ratio. The promoting effect of adding H 2 O (10%) to THF may be attributed to a water-assisted dissociation of the formate ligand resulting from the CO 2 insertion into the Mn-H bond under catalytic conditions (see DFT calculations), as well as to an improved stabilization of the FA/DBU adduct due to hydrogen bonding. This is supported by the observation that the FA/DBU (9), Mn1-P2 2.1893(9), Mn1-N1 2.062(1), Mn1-C20 1.700(2), Mn1-C21 1.784(2), Mn1-H1 1.80(2), P1-Mn1-P2 159.28(2), N1-Mn1-C20 173.92(7), N1-Mn1-C21 95.85(6), C20-Mn1-C21 90.23(8). adduct is immiscible with THF, but cleanly dissolves in H 2 O. However, a striking difference between the Mn and Fe catalysts was observed when running the tests in anhydrous THF. Whereas with the Mn(I) complexes FA was formed even in the absence of water, albeit with lower TONs (4400 and 420 for Mn1 and Mn2, entries 7 and 8, respectively), and Fe1 and Fe2 were completely inactive under these conditions (entries 9 and 10). We thus reexamined the solvent effects for the Fe catalysts Fe1 and Fe2. 4a While their catalytic activity in the THF/H 2 O mixtures is comparable (entries 3 and 4), we observed a substantial difference running the tests in EtOH. In this solvent, the catalytic activity of Fe2 is substantially improved (TON ¼ 10 000; >99% yield, entry 15), while Fe1 resulted in being totally inactive (0% yield, entry 14), conrming the data previously reported. 4a The reason for the latter observation is that for Fe1 EtOH prevents the formation of the key catalytic intermediates [Fe(PNP NHiPr)(H) 2 (CO)]. This was not the case for Fe2, which readily affords the corresponding dihydrides in the presence of the base and H 2 . 11b We then studied the effect of EtOH in the hydrogenation of CO 2 catalysed by Mn1 and Mn2. To our delight, using EtOH as the solvent improved the catalytic performance of Mn1 (entry 12) signicantly, which afforded FA in an 80% yield (TON ¼ 8000). In turn, only a minor improvement was observed for Mn2 (entry 13).
Effect of LiOTf
In an effort to further improve the Mn-DBU catalytic system, and in line with literature data on other Fe-pincer systems, 4b we decided to test the effect of a Lewis acid additive in combination with Mn1, choosing LiOTf as it has previously shown to give the highest promoting effect.
4b The results are summarized in Table 2 . As previously observed for Fe2, 4a the addition of LiOTf only had a minor effect on the catalysis in the presence of Mn1 Increasing the LiOTf amount to 1.0 mmol (Mn1/LiOTf ¼ 1 : 5000) resulted in an increased TON ¼ 16 700 (entry 8), whereas a further increase to 1.5 mmol gave a slightly decreased TON ¼ 12 420 (entry 9). As previously suggested, 4b such an effect may be attributed to the limited LiOTf solubility in such a solvent mixture.
The effect of the temperature on the catalysis was tested by increasing it from 80 to 100 C, which resulted in a ca. 2-fold increase in the TON to 31 600 aer 24 h (63% yield, entry 10). However, increasing the temperature further to 115 C resulted in the formation of an unidentied side product (4) in a ca. 25% yield with respect to DBU, along with a yield of formate of ca.
62% (entry 11). Trace amounts of the same by-product (<5%)
were also observed at 100 C. Careful examination of the 1 H and 13 C{ 1 H} NMR spectra showed new signals (d H ¼ 8.00, d C ¼ 161.7) typical for N-formyl groups, suggesting that N-formylation of DBU occurs as a side reaction at high temperatures (see ESI †). This attribution was conrmed by obtaining the same product independently from the reaction of FA with DBU (1 : 1) at 120 C , respectively. Mn3 could also be obtained by reacting Mn1 with 1 equiv. of HCOOH in THF at room temperature. In the case of Mn2, no reaction was observed with either CO 2 or HCOOH under the above conditions. It was possible to prove the reversibility of the CO 2 insertion in Mn1 by reacting Mn3 with H 2 (70 bar) in the presence of excess DBU at room temperature in THF (Scheme 2), whereas no reaction took place in the absence of base.
Interestingly, isolated Mn3 was also active in the catalysis, giving comparable activity to Mn1 under the same test conditions (Table 1 , entry 16 vs. 2), as expected for a reaction intermediate. The reactivity of Mn1 with CO 2 to give the formate complexes is somewhat remarkable, since the isostructural and isoelectronic cationic Fe analogues cis-[Fe(PNP NR -iPr)(CO) 2 H] + (Fe3, R ¼ H and Fe4, R ¼ Me) were found to be catalytically inactive for the hydrogenation of ketones and aldehydes, 11b as well as in stoichiometric reactions with CO 2 . We reasoned that this could be related to the electron density around the metal and in particular with the M-H bond. Indeed, the corresponding atomic charges (NPA, see ESI †) were found to be C Mn ¼ À0.92/C H ¼ À0.13 in Mn1 and C Fe ¼ À0.53/C H ¼ À0.04 in Fe3, showing an electron richer metallic centre and hydride ligand in the case of Mn1 (Scheme 3). Moreover, the M-H bond is weaker in the case of M ¼ Mn as shown by the corresponding Wiberg indices 12 (WI Mn-H ¼ 0.43, WI Fe-H ¼ 0.47), indicating a more reactive hydride for Mn1 than for Fe3. The free energy balances (gas phase) calculated for the reaction of the CO 2 insertion into the M-H bond (Scheme 3) corroborate the previous conclusions, including the absence of the reactivity of Mn2 toward CO 2 at room temperature.
A deeper insight into the reaction mechanism was obtained by DFT calculations.
13 Free energy proles obtained for the entire reaction are presented in the ESI. † An explicit water molecule was considered in the model providing H-bond stabilisation for the intermediates (see ESI †). Two alternative mechanisms were investigated for the most active Mn catalyst Mn1. In the rst mechanism (Scheme 4, le and Fig. S9 in ESI †) , a purely metal-centred mechanism is considered, i.e. without the participation of the N-H bond of the PNP ligand. This path starts with a nucleophilic attack of the hydride in intermediate A to the carbon dioxide C-atom, in an outer sphere reaction. In the second path investigated (Scheme 4, right and Fig. S10 in ESI †) a bifunctional mechanism with the participation of the N-H bond of the PNP ligand is considered. Here, the rst step corresponds to the formation of the Mn-bound formate C-H scomplex B, as in the previous mechanism. From B, the base (DBU) deprotonates the N-H group of the PNP ligand and releases the formate ion yielding the product as [DBUH] [HCOO]. In turn, the so-obtained ve-coordinated Mn neutral complex, bearing a formally negative PNP ligand (Fig. S10 which is the highest of this path. The overall barrier for the reaction is 29.7 kcal mol À1 (with respect to C), which is within 2 kcal mol À1 from the rst pathway considered.
We then turned our attention to the effects of the Li additive. We investigated the relative stabilities of the intermediates B and C in the presence of the Li(THF) 2 + adducts ( Fig. 2 Based on the results of the catalytic experiments, however, we conclude that the bifunctional pathway must have a major role in the CO 2 hydrogenation in the presence of Mn1. In fact, the activity of Mn2, whose PNP structure does not allow for metalligand cooperation due to the NMe groups instead of NH groups, is much lower than that of Mn1.
Conclusions
In conclusion, this study has shown for the rst time that CO 2 catalytic hydrogenation to FA can be achieved with high TONs and yields using well-dened hydrido carbonyl Mn(I) PNP pincer complexes in the presence of an added base (DBU) and a Lewis acid (LiOTf), paving the way for the use of manganese as an earthabundant and cheap metal for efficient Carbon Dioxide Utilization (CDU). DFT calculations showed that, in the case of the most active catalyst Mn1, the reaction can follow two competing routes, involving either a metal-centred or a ligand-assisted mechanism, based on the possible bifunctional role of the PNPNR ligand when R ¼ H. Further studies are in progress to assess the effects of ligand structural modications on this reaction and to expand the scope of the catalysts to other challenging CDU processes.
Scheme 4 Simplified catalytic cycles for CO 2 hydrogenation in the presence of A (the free energy values in kcal mol À1 are with respect to A, and the transition state energies are in italics). R ¼ iPr. 
